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RESULTS:
Across the 290 samples, we identified 2756 somatic L1 retrotranspositions. Tumors from 53% of patients had at least one such event, with colorectal and lung cancers being most frequently affected (93% and 75% of patients, respectively). Somatic 3′ transductions comprised 24% of events, half of which r e p r e s en t ed m obilizations of unique sequence alone, without any accompanying L1 sequence. Overall, 95% o f 3 ′ t r a n s d u c t i o n s identified derived from only 72 germline L1 source elements, with as few as four loci accounting for 50% of events. In a given sample, the same source element could generate 50 or more somatic transductions, scattered extensively across the genome. About 5% of somatic transductions arose from L1 source elements that were themselves somatic retrotranspositions. In three of the cases in which we sequenced more than one sample from a patient's tumor, we were able to place 3′ transductions on the phylogenetic tree. We found that the activity of individual source elements fluctuated during tumor evolution, with different subclones exhibiting much variability in which elements were "on" and which were "off." The ability to identify the individual L1 source elements active in a given tumor enabled us to study the promoter methylation of those elements specifically. We found that 3′ transduction activity in a patient's tumor was always associated with hypomethylation of that element. Overall, 2.3% of transductions distributed exons or entire genes to other sites in the genome, and many more mobilized deoxyribonuclease I (DNAse-I) hypersensitive sites or transcription factor binding sites identified by the ENCODE project. Occasionally, somatic L1 insertions inserted near coding sequence and redistributed these exons elsewhere in the genome. However, we found no general effects of retrotranspositions on transcription levels of genes at the insertion points and no evidence for aberrant RNA species resulting from somatically acquired transposable elements. Indeed, as with germline retrotranspositions, somatic insertions exhibited a strong enrichment in heterochromatic, gene-poor regions of the genome. Long interspersed nuclear element-1 (L1) retrotransposons are mobile repetitive elements that are abundant in the human genome. L1 elements propagate through RNA intermediates.
In the germ line, neighboring, nonrepetitive sequences are occasionally mobilized by the L1 machinery, a process called 3′ transduction. Because 3′ transductions are potentially mutagenic, we explored the extent to which they occur somatically during tumorigenesis. Studying cancer genomes from 244 patients, we found that tumors from 53% of the patients had somatic retrotranspositions, of which 24% were 3′ transductions. Fingerprinting of donor L1s revealed that a handful of source L1 elements in a tumor can spawn from tens to hundreds of 3′ transductions, which can themselves seed further retrotranspositions. The activity of individual L1 elements fluctuated during tumor evolution and correlated with L1 promoter hypomethylation. The 3′ transductions disseminated genes, exons, and regulatory elements to new locations, most often to heterochromatic regions of the genome.
L ong interspersed nuclear element (LINE)-1 (L1) retrotransposons are widespread repetitive elements in the human genome, composing about 17% of the entire DNA content (1) . They are a remarkably successful parasitic unit, relying on the cell's transcription and translation machinery to initiate their reproduction and reinsertion, a process completed with the reverse transcriptase and integration capability of proteins encoded on the L1 transcript. In the germ line, L1s have contributed extensively to the evolution of genes and genomes by generating structural variation that can potentially affect function, shaped by ongoing mutation and natural selection across thousands of generations (2) . Most of the repeat elements that reside in the human genome are inactive, because of inverted rearrangements or truncations introduced during retrotransposition or subsequent inactivating point mutations across human evolution. However, it is estimated, on the basis of full-length L1 elements with preserved open reading frames and activity in in vitro retrotransposition assays, that there are 50 to 120 currently active L1 repeats in the human genome, of which a small number are highly active, earning the moniker "hot-L1s" (3) (4) (5) .
Among the many ways in which L1 retrotranspositions have shaped the human genome is the mobilization of unique DNA downstream of the LINE (6) . This process, known as 3′ transduction, is likely the consequence of a weak transcription termination signal at the end of the L1, causing the transcription machinery to bypass the L1 polyadenylation signal and use another polyadenylation site downstream. The unique genomic sequence picked up in the hybrid transcript can then be reverse transcribed and reinserted by the L1 machinery, causing mobilization of up to several thousand nucleotides of nonrepetitive DNA (7) . These 3′ transductions can drive the mobilization of adjacent coding regions, increasing the potential of this process to exert functional effects (6) . The mobilization of unique downstream sequence effectively barcodes the source element from which a transduction arose, a property that has been exploited in germline genome analyses to track the lineages of active L1 elements (8) and that we exploit here for cancer genomes.
In somatic cells, there is increasing evidence that spontaneous L1 mobilizations occur during normal neurogenesis (9) (10) (11) (12) and during cancer development (13) (14) (15) (16) (17) . Similar to the germ line, this mutational process has considerable potential to restructure the cancer genome. As with all mutational processes, individual mutational events occur randomly and are then subjected to selective forces. Those events that generate functional consequences of advantage to the cell help that clone to expand over its competitors. The potential functional repertoire of somatic retrotransposition is extensive. Genes can be disrupted RESEARCH SCIENCE sciencemag.org by insertions, leading to their inactivation and, on occasion, to their activation through disruption of cis-regulatory elements (17) . Recently, processed pseudogenes, a by-product of somatic retrotransposition occurring when mature messenger RNA transcripts are reverse transcribed and inserted in the genome by the L1 machinery, have been described in cancer genomes (18, 19) . One example of a 3′ transduction has been described in a colorectal tumor (16) , but this particular variation of retrotransposition has not been systematically studied in cancer genomes.
Here, we describe extensive somatic mobilization of genetic material mediated by L1 3′ transduction in many cancers, finding examples of genes, exons, and potential regulatory elements being repeatedly copied and strewn across the genome, sometimes in their tens to hundreds. With nonrepetitive sequence to fingerprint these transductions, the evidence implicates an unexpectedly small number of source elements as culpable for the vast majority of this genome shuffling. The activity of individual L1 donors may wax and wane during tumor evolution, but their progeny can themselves aspire to source element status, leading to cascading propagation of the family line.
Somatic L1 transductions can masquerade as chromosomal translocations
In a structural variant analysis of patients with lung cancer, we identified a patient with 22 somatically acquired interchromosomal rearrangements clustered in an intronic region of~1700 base pairs (bp) in the gene TTC28 on chromosome 22q12 (Fig. 1A) . Preliminary analysis of the paired-end mapping reads revealed two characteristics suggestive of retrotransposition mediated by L1. First, all chromosome 22q12 breakpoints were clustered immediately after the 3′ extreme of a full-length L1 element. Second, in the relevant region of the partner chromosome, there were several reads whose unmapped mates reported a polyadenylate [poly(A)] tract inserted at the breakpoint junction. Clustered rearrangements in this same region of chromosome 22q12 were identified in two additional lung cancer patients and two lung cancer cell lines.
In the original patient, a similar cluster of 50 rearrangements was found originating from a small intronic region in the PHACTR1 gene on chromosome 6p24.1 (Fig. 1B) . Validation by polymerase chain reaction (PCR) across the breakpoint confirmed that these rearrangements were somatically acquired (Fig. 1C) and that the insertion of a poly(A) sequence was real.
The clustering of rearrangement breakpoints downstream from L1 elements coupled with poly (A) insertion suggests that these events represent L1 transductions. At first pass, it would be easy to misinterpret such events as balanced translocations because read-pairs spanning either end of the insertion appear to report reciprocal interchromosomal rearrangements. Indeed, retrotransductions could explain several puzzling clusters of rearrangements published by us and by others (20-24) (table S1). For example, in a colon cancer data set, 21 somatic translocations involving gene TTC28 were reported (23) . We believe that these represent transductions of the same small region at chromosome 22q12 that we describe above. Similarly, in a squamous cell lung cancer data set (24), we identified that 80/592 (14%) of the reported rearrangements were located immediately downstream of germline hot-L1 loci. The distinction between balanced chromosomal translocations and retrotransductions matters, because the former can create oncogenic fusion genes whereas the latter cause insertions of up to a few kilobases and would predominantly drive oncogenesis through effects on transcription of the target gene (14, 15) .
Identification of somatic transductions and retrotranspositions
We developed a bioinformatic pipeline to explore the frequency and signatures of all classes of somatic retrotransposition in cancer [TraFiC: Transposome Finder in Cancer (supplementary text)]. The pipeline is capable of detecting three different classes of retrotranspositions: solo-L1 events, in which either partial or complete LINEs are somatically retrotransposed; partnered transductions, in which a LINE and downstream nonrepetitive sequence are retrotransposed; and orphan transductions, in which only the unique sequence downstream of an active L1 is retrotransposed without the cognate LINE. We denote the L1 element from which a somatic retrotransposition originates as the source element. The pipeline relies on the identification of genomic hallmarks of retrotransposition at both the integration point and the L1 source element locus (Fig. 1, D and E, and fig. S1 ).
We ran TraFiC on whole-genome sequencing data from 290 tumor and matched normal pairs (210 primary tumors, 52 metastatic tumors, and 28 cancer cell lines with matched normal cell lines) from 244 cancer patients across 12 cancer types. The analysis retrieved a total of 2756 L1 retrotranspositions that includes solo L1s and 3′ transductions (tables S2 and S3). PCR validation ( fig. S2 ) and capillary sequencing of 308 insertions (131 solo L1s, 72 partnered transductions, 91 orphan transductions, and 14 Alu insertions from both cell lines and primary tumors) confirmed the somatic acquisition of 303 (true positive rate 98%). Mapping of at least one of the two breakpoints per insertion to base-pair resolution by capillary sequencing was obtained for 84% (259/308). To evaluate the sensitivity of TraFiC to detect somatic retrotranspositions in cancer genome sequencing data, we performed in silico simulations. We generated a mock cancer genome into which we had seeded known somatic retrotransposition events of each type at differing levels of tumor clonality ranging from 25 to 100%. We then simulated sequencing reads from this mock cancer genome to the standard levels of coverage achieved in our cohort and ran TraFiC. The results confirmed the high specificity (>99%) of the pipeline and indicated a sensitivity ranging from 73 to 83% for tumor clonalities from 25 to 100%, respectively (table S4) .
TraFiC obtained a partial reconstruction of the 5′ and 3′ extremes for 89% (2458/2756) of the total L1-mediated insertions, identified putative target site duplications for many of the insertions (table S3) , and estimated an average insertion length of 1.09 kb for the insertions without 5′ inversion. Where present, target site duplications were typically in the range of 10 to 20 bp, as expected for retrotransposition. We were able to unambiguously assign 86% of somatic solo-L1 transpositions to a specific L1 subfamily; in every case, the transposable element (TE) belonged to L1Hs, based on the presence of diagnostic nucleotides (14, 25) ; in the remaining 14%, sequencing reads did not cover the diagnostic nucleotides. All these features are shown in table S3.
L1 3′ transductions are present in 25% of cancer genomes
Overall, 53% (129/244) of the patients have at least one somatic L1 retrotransposition event, most frequently colon cancers (93%) and lung cancers (75%) ( Fig. 2A ). L1-mediated transductions of downstream sequence comprise 24% (655/2756 insertions) of the total somatic L1 retrotranspositions that occurred (tables S2 and S3). This represents a substantial contribution to the mutational landscape of cancer genomes not previously documented and adds to the previous reports of somatic solo-L1 retrotransposition in cancer (13, 14, 16) . Orphan transductions represent half (333/655) of all transductions, demonstrating that truncation during somatic integration is frequent. This corroborates earlier analyses of somatic solo-L1 insertions, which also showed a high rate of truncations (14) . The size of the transduced regions was typically less than 1 kb (Fig. 2B ), but occasional transductions were found that captured genomic sequence located up to 12 kb downstream of the L1 source element (Fig. 2C) .
In numerical terms, somatic retrotransposition is an important component of the structural variation landscape in some tumors ( fig. S3 ). In lung cancer sample PD7354k, for example, L1 activity produced 565 unique somatic events, of which 120 are transductions, compared with 142 classic genomic rearrangements. In the evolution of lung tumors PD7354 and PD7356, transductions increased the genome size by 120 and 55 kb, respectively. Somatic L1 retrotransposition activity was higher in metastatic than in primary prostate cancer (12 versus 1 retrotransposition per sample, respectively; P = 0.001), suggesting that in this disease it is a late-onset mutational process.
Few L1 loci drive 3′ transductions in cancer
Because partnered and orphan transductions are defined by the retrotransposition of unique genomic sequence, we can unambiguously identify the L1 source element whence they derive. We find that 95% of all transductions identified can be attributed to only 72 germline L1 loci, with considerable variability in activity among them ( Fig. 3A and table S5 ). Just two hot-L1 loci, located at chromosomes 22q12 and 6p24.1, account for more than a third of all somatic transductions we identify. Previous analyses of which L1 elements are likely to be active in the (germline) human genome have identified full-length L1 repeats with intact open reading frames found either in the reference genome or as polymorphisms in the population and studied their activity in in vitro retrotransposition assays (4, 5) . Of the 72 source elements we find to be active in somatic cells, only 18 overlap with loci documented in these previous analyses (table S5) . This indicates that a more extensive repertoire of L1 elements may be competent for retrotransposition, probably a reflection of events arising from intact L1 elements that are rare polymorphisms in the human population. Unfortunately, because of the short read lengths (100 bp) and library inserts (~500 bp) generated, we were unable to attribute somatic solo-L1 retrotranspositions to their germline source element and so cannot know whether the same source elements that trigger transductions also generate isolated L1 transpositions.
The activity of individual L1 source elements varied across tumor types (Fig. 3A) , with lung cancer showing the highest number of active copies (59 loci). In breast cancer, the source element at 22q12 is the only active L1 locus in 93% (15/17) of the breast cancer genomes where transductions occurred ( fig. S4 ). Of particular note, some source elements, when active, can individually seed as many as 50 or more separate daughter copies in a single cancer. For example, the source element at 6p24.1 gave rise to 56 different somatic transductions during the evolution of the lung cancer PD7354 (Fig. 1B) and 25 transductions in the lung cancer cell line NCI-H2087 (Fig. 3B) (Fig. 3B) , and an additional nine source elements have shown at least 10 transductions each (table S5) .
Somatically acquired L1 insertions are themselves transduction-competent
In theory, when a full-length L1 retrotransposition occurs, it takes with it all the machinery required to catalyze further retrotranspositions. By using the unique tags of downstream sequence as a marker of transduction competency, we searched for examples of somatically acquired L1 retrotranspositions that led to further dissemination from the new insertion site. We found 29 retrotranspositions from 17 L1 loci that were themselves somatically acquired insertions (Fig. 3C and table S5 ). The readpair data confirmed that the de novo, somatically acquired source element was, as expected, a fulllength L1 element in each example. Such somatic source elements were in general responsible for a low fraction of the transductions we observed (4.4%, 29/655) but would occasionally contribute the majority of transductions in a given sample. For instance, in colon cancer TCGA-D5-6540, four L1 insertions that were themselves somatic retrotranspositions gave rise to 12 somatic transductions, compared with 11 transductions originating from germline source elements.
In one notable colon cancer, we found a chain of three consecutive somatic retrotranspositions (Fig. 3, D to F) . The first hit corresponds to the somatically acquired integration of a full-length L1 element within ANKRD62 on chromosome 18. This new somatic element itself then transduces the full-length L1 element, together with a 1114-bp region of ANKRD62, into the DMD gene on chromosome X (second hit). Last, this new element at chromosome X transduces a region of 147 bp of DMD together with the 1114 bp of ANKRD62 that was previously inserted there, integrating this new material into MYRIP on chromosome 3 (third hit). In this final transduction, the L1 element suffers an internal inversion, rendering it transduction-incompetent. This succession of events leads to the juxtaposition of intronic sequences from three different genes (MYRIP, DMD, and ANKRD62) in the final rearrangement.
Fluctuating activity of source elements during tumor evolution
To evaluate the timing of retrotransposition during cancer evolution, we analyzed eight patients with prostate cancer in whom we had sequenced multiple metastases, three patients with prostate cancer in whom we had sequenced multiple foci of the primary tumor, and three patients with squamous lung cancer in whom we had sequenced samples from two or more time points during progression from carcinoma in situ to invasive cancer. Three patients had sufficient numbers of somatic transductions for us to evaluate source element activity across the cancer's development, although we acknowledge that our sensitivity to detect early shared events is greater than for late events found in only one sample.
For one prostate cancer (Fig. 4A) , we reconstructed the phylogenetic tree from 23,881 somatic substitutions across a spinal cord metastasis and three liver deposits. We mapped somatic transductions onto this phylogenetic tree. Transductions were distributed across all internal branches and all but one of the terminal branches of the tree. Four source elements (Xp22-b, 22q12, 11q14, and 13q21) gave rise to transductions on more than one branch of the phylogenetic tree, suggesting that they were repeatedly active in different clonal lineages during tumor evolution. Nonetheless, they were not universally active, nor were the activity profiles among source elements correlated.
Similar patterns were observed during the evolution of carcinoma in situ to invasive squamous cell lung cancer for patient PD7354. In this case, the four lesions sequenced are each complex admixtures of subclones, making reconstruction of a complete evolutionary history challenging. However, we do see differences in the activity rate of individual source elements across this time series (Fig. 4B) . For example, comparing events exclusive to either PD7354h or PD7354r, the locus at 6p22 spawned six transductions in PD7354r but none in PD7354h, whereas the source element at 22q12 initiated 10 transductions in PD7354h but only two specific to PD7354r. The differences in activity across source elements between the two lesions were statistically significant (P = 0.01). Similarly, for a second patient (PD7356) in whom we sequenced a squamous carcinoma in situ and its related invasive cancer, we found no overlap in source element activity after divergence of the two clonal populations from the common ancestor (Fig. 4C) .
Taken together, these data indicate that activity of individual source elements waxes and wanes during tumor evolution. We cannot know whether transposition events can occur in normal cells before oncogenic transformation-this would require single normal cell cloning and sequencing (26) . These examples do show that somatic retrotransposition persists into the late stages of tumor development.
Hypomethylation activates L1 source elements in cancer genomes
DNA methylation of the L1 promoter is an important inhibitor of L1 activity (27) (28) (29) (30) . In previous analyses of methylation profiles, it had been shown that there might be genome-wide variation in methylation correlated with somatic retrotranspositions in cancer (13) and that global methylation of L1 promoters is about 20% lower in hepatocellular cancers than in normal liver (17) . These assays essentially report methylation status at a global level. With transductions, because we know the individual L1 source elements that are active in any given sample, we are able to directly measure the methylation status of the given element in that sample. To do this, we combined bisulfite DNA treatment with massively parallel sequencing of the promoter region, assaying six loci in 16 samples.
We found a remarkably consistent correlation between CpG hypomethylation on the promoter of a source element and its retrotransposition activity in that sample. In every sample in which the source element had been active, the most common haplotype observed was fully unmethylated across the promoter. In contrast, samples without transductions arising from the given source element generally showed high levels of promoter methylation at that locus ( Fig. 5 and  fig. S5 ). In the source element 6p24.1, for example, in a lung cancer cell line (NCI-H2087), we found fully unmethylated CpG dinucleotides in the repeat, whereas the matched transformed lymphoblastoid cell line from the same patient (NCI-BL2087) is methylated (Fig. 5A) . These correlations were also observed in primary tumors. For instance, for primary breast cancer samples encompassing the range of retrotransposition activity at source L1 locus 22q12, methylation patterns revealed by massively parallel sequencing showed a fully unmethylated haplotype (usually the most frequent one) in samples where the source element shows activity (Fig. 5B) . Results were similar for the other four source elements ( fig. S5 ) and were confirmed by capillary sequencing (fig. S6 ). There were occasional exceptions to this pattern; although activity was always associated with hypomethylation, sometimes hypomethylation did not indicate activity. In three samples of 66 scenarios analyzed, we found a fully unmethylated promoter at a source element from which we detected no transductions (Fig. 5 and fig. S5 ).
To determine how far the hypomethylation at active L1 elements extended, we analyzed Illumina (Illumina, Incorporated, San Diego, California) methylation array data available for 19 colon cancer samples from the Cancer Genome Atlas (TCGA) (23) . We did not find any correlation between source element activity and hypomethylation in the 5 Mb surrounding the L1 locus (P values ranging from 0.4 to 0.9, t test) ( fig. S7 ). This suggests that L1 activation in cancer genomes is more likely the consequence of the hypomethylation of a highly localized DNA region surrounding the source element (or restricted to each specific L1 locus) rather than hypomethylation of larger chromosomal regions. These results reveal that, although global hypomethylation is a factor predisposing to L1 activation (13) in cancer, individual L1 source elements become active only when hypomethylation occurs in the promoter region of that element.
Transduction of genes, exons, and regulatory elements in cancer genomes
When an L1 source element is located near a coding region, transductions can cause mobilization of exons (6, 31). We found capture of adjacent coding regions to be relatively common in somatic transductions (Fig. 6A) , with about 2.3% of events (15/655) distributing a proximal exon or complete gene elsewhere in the genome.
One lung carcinoma in situ, PD7354, demonstrates recurrent transduction of the single-exon gene OR9A4, an olfactory receptor, originating from a germline L1 element just 862 bp downstream of the gene (Fig. 6, B and C) . Among 14 different somatic transductions, we found four complete copies of the OR9A4 gene and five partial copies distributed across the genome, often inserted into footprints of other genes. Similarly, we identified duplication of the third exon of the TPST1 gene in two primary lung cancers, TCGA-60-2722 and PD7356 ( fig. S8 ). There, the exon is mobilized by the action of a germline L1 element located 145 bp upstream.
Somatic retrotranspositions can mobilize coding sequence when they themselves propagate. In one lung cancer cell line, NCI-H2087, a fulllength L1 element had integrated into the kinase gene STK31 as a somatically acquired retrotransposition (Fig. 6, D and E, and fig. S9 ). This new somatic L1 insertion was transduction-competent: In one event, it picked up the whole of exon 18 of STK31 located 169 bp downstream, catalyzing its insertion into the footprint of another gene, NRXN3. Such secondary transductions mean that the range of genomic elements that could potentially be targeted by transduction is considerably larger than just those near germline transductioncompetent L1 elements.
Transductions could also potentially mediate distribution of sequences with regulatory potential around the genome (Fig. 6F) . We screened the somatic transductions identified in our cohort for mobilization of deoxyribonuclease I (DNAse-I) hypersensitive sites or transcription factor binding sites defined by the Encyclopedia of DNA Elements (ENCODE) project (32). We found 43 transductions that mobilized a total of 54 full-length DNAse-I hypersensitive sites. Similarly, 86 transductions led to 251 transcription factor binding sites being copied and inserted elsewhere in the genome, although we recognize that ENCODE used a variety of normal cell types to define these sites. In the absence of tumor-specific epigenetic profiling data, it is difficult to know what the effects of mobilizing any one of these putative regulatory elements would be, but our data do show that somatic transductions would theoretically have the potential to shuffle such elements around the genome and near key genes.
Chromatin organization influences regional rates of L1 retrotransposon insertion
Recent work has provided evidence that a small, but important, fraction of the L1 insertions in a cancer genome may influence gene function (14) . To assess this, we analyzed RNA-sequencing data available from TCGA samples of 13 lung and 11 colon cancers. We did not find any strong evidence that retrotransposon insertion altered expression levels generally for the 66 and 39 genes, respectively, with somatic L1 insertions (Fig. 7) . This finding differs from a previous analysis that suggested L1 insertions caused frequent downregulation of gene expression (14) , a discrepancy we believe to be due to skewness in the distribution of gene expression levels (discussed extensively in the materials and methods and figs. S10 and S11). In addition, we did not find any evidence for aberrant fusion transcripts arising from inclusion of transduced sequence in the target gene. In total, 16 insertions occurred in footprints of genes identified as recurrently mutated (33) , mostly intronic, and probably of minimal importance (table S6) . There was one somatic insertion, of an Alu element into the promoter of NFE2L2 in a squamous lung cancer, of uncertain importance.
To understand the properties of the insertion points of retrotranspositions, we analyzed the genome-wide distribution of 2850 somatic TEs (including 2756 L1 and 94 non-L1 insertions). At a macroscopic scale, we found significant heterogeneity across the genome in the density of insertion points (Fig. 8A) . This is particularly evident in the first 30 Mb of chromosome 5p, where we identified no fewer than 93 separate insertions. Beyond this, we also found evidence for more-localized clusters of integration sites, identifying four particular hotspots, three of which are located in the subtelomeric region of 5p. Each of these hotspots is 1 to 1.5 Mb in size and contains 10 insertions from our data set (Fig. 8A) .
Somatic retrotranspositions are more likely to insert in intergenic or heterochromatic regions of the cancer genome than expected by chance. First, higher frequency of TE integration correlates with greater distance to the transcription start site of the nearest gene (Fig. 8B) , indicating that most of the integration events occur at intergenic regions. Second, somatic insertions are more frequently observed in regions of the genome where exon density is lower (Fig. 8C) . Third, TEs more frequently insert into lowly expressed genes compared with those that are highly expressed (P = 2 × 10 ) (Fig. 8D) . Fourth, the rate of somatic insertion is five times higher in repressed or low-activity regions of the genome predicted by ENCODE than in transcribed regions (Fig. 8E) . This difference in mutation rates between heterochromatin and euchromatin is much larger for retrotransposon insertions (4.55 times higher rate in heterochromatin) than for somatic substitutions (1.54 times higher) (Fig. 8F) . When we repeated this analysis for polymorphic germline retrotranspositions (that must have occurred recently in evolutionary time) identified from three different databases, we find a very similar enrichment for heterochromatin insertion as for somatic events (P = 0.6; fig. S12 ).
Two possible explanations, not necessarily mutually exclusive, could underpin the apparent enrichment of somatic retrotransposition into heterochromatin. First, insertions into gene footprints could be deleterious to the cancer clone and therefore subject to negative selection, or, second, the insertion machinery could preferentially target heterochromatin. We cannot formally distinguish between these possibilities on the basis of our data but believe the latter to be the more dominant because most of the insertions in active chromatin do not have an impact on gene expression and because negative selection is less powerful in somatic cells than in the germ line.
The majority of these retrotransposition events are likely to be passenger mutations. This is no different from any other mutational processkataegis, the POLE hypermutator phenotype in endometrial cancer, and the tandem duplicator phenotype in breast and ovarian cancer (34) (35) (36) , for example. Nonetheless, generation of genomic variability is the first stage of Darwinian evolution, and it is a key aim of cancer genomics to describe mutational processes in full, multidimensional detail. This includes information about the patterns and frequency of the mutational process, its genome-wide distribution, its distribution across tumor types, its timing during cancer evolution, and its correlation with other processes generating genomic instability. To understand how 3′ transductions can generate functional and tumorigenic consequences, we will need to survey the topography of somatic retrotransposition on a considerably larger scale, across thousands of cancer genomes, integrated with other mutational processes and transcriptional data.
